Synthesis of silver nanocrystals and fabrication of the tunnel junction
1.1 Synthesis of shaped silver nanocrystals 1.1.1 Nanocube synthesis.
Silver nanocubes were synthesized by using a previously reported polyol reaction 1, 2 . The AgNO3 precursor solution was prepared by dissolving 0.20 g AgNO3 and 40 μL of 0.043 M CuCl2 solution in 5 mL of 1,5-pentanediol. The other precursor is 0.10 g PVP dissolved in 5 mL of 1,5-pentanediol. The reaction solution was prepared by heating 10 mL 1,5-pentanediol in a 50 mL glass round bottom flask under continuous stirring in an oil bath heated to 193°C. The AgNO3 and PVP precursor solutions were alternately injected into the hot 1,5-pentanediol at a rate of 500 μL/min and 320 μL/30 s, respectively. The size of nanocube can be controlled by the total volume of precursor injection in the reaction batch.
Square prisms nanocrystal synthesis.
Recently, our group synthesized the silver square prisms by using the polyol reaction 3 . 10 mL ethylene glycol (EG) and 50 L, 1 mM NaBr/EG solution were added to a flask and heated in an oil bath at 145 o C for 1h. And then two solutions were added dropwise via syringe pump, one containing 100 mg AgNO3 in 6 mL EG, and the other containing 100 mg PVP and 0.075 mg NaBr in 6 mL EG. The height of square prism nanocrystal can be controlled by reaction conditions such as reaction time and temperature. In order to study the effect of height of square prism on EQE of nanojunction, the length of square prism was kept at 70 nm. The extinction spectra of different height of square prisms are shown in figure S1 . The black curve corresponds to localized surface plasmonic resonance (LSPR) of square prisms with height ~20 nm. The red curve corresponds to the LSPR of square prism with height ~30 nm. And blue curve corresponds to the LSPR of square prism with height ~38 nm. The corresponding SEM images show that narrow size distribution of square prism nanocrystal and the planar size of square prism > its height by tilting the substrate with 45 o .
Nanobar synthesis.
Silver nanobars were synthesized by adopted polyol synthetic process 4 . 10 mL ethylene glycol (EG) and 100 μL, 1mM NaBr/EG solution was added to a flask and heated in an oil bath at 155 o C for 1h. And then two solutions were added dropwise via syringe pump, one containing 100 mg AgNO3 in 6mL EG, and the other containing 100 mg PVP and 0.150 mg NaBr in 6 mL EG. The narrow size distribution of nanobars with different aspect ratio (AR= length (L)/width (W)) can be achieved by controlling the reaction time. In order to study the effect of AR of nanobars on EQE of nanojunction, the height of nanobars was kept at 40 nm. The extinction spectra of different AR of nanobars are shown in figure S2 . The black curve corresponds to localized surface plasmonic resonance (LSPR) of nanobar with AR ~ 2 (W ~70 nm, L~140 nm, and H ~ 40 nm). The red curve corresponds to the LSPR of nanobar with AR ~ 3 (W ~70 nm, L~210 nm, and H ~ 40 nm). And blue curve corresponds with AR ~ 3.8 (W ~85 nm, L~320 nm, and H ~ 40 nm). The SEM images show that the height of AR ~ 2 (S2 (B)), AR ~ 3 (S2 (C)), and AR ~ 3.8 nanobars (S2 (D)) were kept around 40 nm by tilting the substrate with 45 o . 
Fabrication of silver nanocrystal junctions
In order to fabricate the silver nanocrystal junction, we used nanocrystal self-assemble in the polymer matrix 5 . Silicon substrates were cleaned in a freshly prepared piranha solution (70% (v) concentrated H2SO4 and 30% (v) H2O2). The substrates were then treated with hexamethyldisilazane vapor to obtain hydrophobic surfaces. Polystyrene was dissolved in a toluene solution (3 wt %) and thin films were prepared by spin coating. To prepare the composite film, the as-made silver nanocrystals colloidal solution were precipitated in ethanol and then dispersed in CHCl3. The colloidal nanocrystal solution was then added dropwise to the air-water interface of glass petri dish, leaving an isotopically distributed monolayer of silver nanocrystals floating at the air-water interface. Nanocrystal monolayers were then transferred onto the polystyrene films by dip-coating. (as figure S3 for silver nanocube, figure S4 for silver square prisms, and figure S5 for silver nanobar). Nanocrystal is then embedded into the underlying polymer and self-assembly by thermal annealing (T > Tg). In figure S3 , 70 nm silver nanocubes were assembled into dimer, trimer, and multiple branch structure with edge-to-edge orientation by increasing the thermal annealing time. Silver square prisms with length 70 nm and height 30 nm show the similar assembled behavior with nanocube as figure S4 (B)-(D). However, the silver nanobar with AR about 3 (W=70 nm L=210 nm H= 40nm) show slower assembled rate and the more complex assembled orientation which results from the enlarged in nanocrystal size. 
Simulation with multiple dipole locations inside the tunneling gap
In order to obtain the overall emission spectrum from the nanojunction, the local density of optical states (LDOS), radiation efficiency (RE), and emission spectrum at different locations in nanojunction were calculated. The simulation results show that the light emission of the junction was dominated by the x-polarized dipole in all the locations in nanojunction. The LDOS in x-polarization is strong location dependent due to the higher order mode of the LDOS (see section 6), which leads to the emission spectrum of nanojunction change with the locations. The overall emission spectrum of nanojunction was presented by the average of emission at different locations to mimic the light generation of the real device induced by the inelastic tunneling event. 
Method for the electrical and optical measurement system
IV measurement is done with Agilent B1500 semiconductor device analyzer, together with light emission detection by PMT from Hamamatsu Photonics (H10720) and InGaAs amplified photodetector from Thorlabs (PDF10C). The spectrum is obtained with monochromator iHR550 from Horiba. All the electronic and optical components are integrated with probe stations with microscope objective of 20X (NA=0.45) and 50X (NA=0.8). The 20X objective is used for the electrical probes connection on the device and 50X objective is used for the optical signal detection. For the voltage dependent emission power measurement, the monochromator is set as 10 nm bandwidth and 10 nm increment step ensuring that the signal within [-5nm, +5nm] can be collected for each step. The total optical power emitted from the device can be obtained as follows:
Where ƞ 1 is the light collection efficiency of the microscope objective and ƞ 2 is the detection efficiency of the system. The light collection efficiency (η1) is estimated to be ~ 28%, considering the NA=0.8 objective and the in-plane (XY plane) dipole radiation pattern. The wavelength dependent detection system efficiency η2(λ) is characterized by placing a tunable single wavelength laser source (laser source NA is smaller than the objective NA=0.8) with known power at the sample position and collecting the signal from the optical detector (shown in the Fig.  S7 ), which gives η2(λ)=power obtain from detector / power input as shown in the Fig. S8 . The monochromator placed at the image plane has the F-number of f/6.4, where the collection NA is much larger than the optical signal at the image plane considering the 50X NA=0.8 objective. Also the monochromator slit is much larger than the nanojunction size on the image plane. So there is no issue to couple all the light at the image plane into the monochromator. Note that majority of the objectives have the lower transmission efficiency at higher collection angle, so the η2(λ) characterized here using tunable single wavelength with limited NA is a little bit overestimated for the measurement system, which will give slightly underestimated total optical power from the inelastic tunneling device. 
Electrical and optical characterization of the cube and square prism tunnel junction
The emission power and current of silver nanocrystal tunnel junctions at different applied voltages were used to determine the performance of nanojunction (EQE). The applied voltage for maximum emission power depends on the plasmonic resonance frequency and the morphology of nanojunction ( Figure S9 (A) , (C), (E), and (G)), which was used to obtain the emission spectrum of the nanojunctions. The I-V curve of nanojunction displays a negative differential resistance (NDR) 6 . We speculate that the NDR results from the non-progressively increasing of the inelastic tunneling current (corresponding to the light generation) due to the enhanced inelastic tunneling by plasmonic field localized and concentrated within the gap of the nanojunction. We also performed photoluminescence (using 380 nm as the excitation) measurement of our tunneling junctions within the interested wavelength range (visible/near infrared), the photoluminescence signal fluctuates within the noise level of the measurement system, meaning the defect-mediated emission efficiency is around or less than 10 -7 .
The stability of the tunneling junction devices is mainly controlled by the insulating material between the nanojunction. Common breakdown strength for the insulating polymer, such as PVP and polystyrene, is around 0.5~1 V/nm with electrical lifetime about 10 seconds 7, 8 . These values were measured by few hundred nanometers to few micrometer thin films between two electrodes. According to the previous literature reports [9] [10] [11] [12] , the breakdown strength in a pair of nano-electrodes with small gap increases about 3~5 times with the electrode area decreasing to 10~100 nm 2 region. Because our edge-to-edge nanojunction area is below the 100 nm 2 with the junction gap about 1.5 nm, we expect the breakdown strength much higher than 1 V/nm, which causes stable operation of nanojunction at around 2~4 V for at least a few seconds. The I-V and light emission measurement of a single nanojunction only takes few seconds, which reduces the breakdown probability. We did notice that the breakdown of nanojunction occurs at applied voltage higher than 4.5 V. And we attribute the device failure to electrical breakdown and thermal damage. There are two strategies to elongate the device lifetime:
(1) enhance the breakdown strength of device by lower temperature operation 8 . (2) increase the thermal stability of device by replacing the PVP with more durable material such as Al2O3. 
Calculation of the external quantum efficiency (EQE)
From Fig. S9(A) , one can calculate the quantum efficiency of the 70 nm silver cube tunnel junction. The peak of the output power from Fig. S9(A) is 115 pW, which corresponds to the IV properties as 34.9 nA and 3.2 V from inset. This gives a total quantum efficiency (number-of-photon / number-of-electrons) of 1.8×10 -3 at the peak location of the voltage-dependent emission power in Fig. S9(A) . Similarly, for the 65 nm tunneling cubes (black curve in Figure 2(b) ), the peak of the output power is 110 pW, with the IV properties as 29.3 nA and 3.4 V. This gives a total quantum efficiency of 1.9×10 -3 . All the other EQE can be calculated similarly. The error bars in Fig. 2 and Fig.  3 are the standard deviation from multiple devices' measurement result.
For the simulated EQE as shown in the Fig. 2-4 The probability for an inelastic tunneling event Pinelastic is given by the ratio between the rates of inelastic and elastic tunneling as The calculated EQE can be expressed as = Γ − ∝ × , and we normalized the theoretical EQE to the experimental characterized EQE as 0.18% for the 70 nm edge-edge nanocube tunnel junction. The EQE for other nanocrystals can also be calculated when compare the LDOS and RE with the nanocubes. Also, the previous work done by M. Parzefall . et. al 14 shows that the experimental obtained EQE is 2.5 × 10 -5
with the LDOS as 4×10 4 and RE as 0.42%. Compared with the nanocube (Fig. 2) with LDOS as 7×10 4 and RE as 25% at the peak wavelength of the emission, this gives the enhancement about 2 orders, which also confirms the Ag nanocube efficiency on the order of 10 -3 . 
Simulation of the charge density distribution for the nanocubes

Simulation with multiple dipole locations for the Ag nanobar tunnel junction
Fig. S12 plots out the LDOS and RE for the nanobar at various locations for the xpolarization. Here, we use the aspect ratio 3 as shown in section 7 as a representative. The LDOS and RE for x-polarization are independent of the locations which agrees with the dipole mode of LDOS and RE occurrence in the nanobar junction. 
Simulation of the formation angle for the nanobar based tunnel junction devices
The LDOS and RE of nanobar junction orientated with different angles (insert schematic in (C)) were simulated. With increasing the angle between nanobar junction, the RE gradually increased but the LDOS reduced which leads to the best EQE of junction would be obtained at the angle within 30 to 100 deg. range. 
Electrical and optical characterization of the nanobar tunnel junctions
In Figure S14 , the emission power and current of nanobar junctions were measured at different applied voltages. The results show that the applied voltage for the maximum emission power depends on the plasmonic resonance frequency and the aspect ratio of nanobar. The emission spectrum of nanobar junction was tested under the applied voltage for maximum emission power. 
Discussion on the voltage-dependent light emission
One-dimensional Schrödinger equation is used to describe the inelastic tunneling event 15 , shown as follows :
(S1) where U 0 (x) is the static potential energy in the gap, H s (x, t) refers to the interaction between plasmon waves and electrons. Considering H s (x, t) as a harmonic perturbation, the matrix element of H s (x, t) in the basis of unperturbed wave function can be expressed as:
H mn = ⟨φ m |H s |φ n ⟩=ℋ mn e iωt + ℋ nm * e −iωt (S2) where φ m and φ n are the eigenfunctions of H 0 (x), which is schematically plotted in the Fig. 1(a) .
The relation between plasmon field enhancement and the inelastic tunneling probability can be analyzed using equation P i ∝ |ℋ 21 (S6) where the Ax is the x-component of the vector potential of the surface plasmon wave field in the Coulomb gauge. As can be seen here, the higher the surface plasmon field, the stronger the coupling strength.
The experimentally obtained total light emission intensity with respect to the applied voltages ( Fig. 4(a) ) shows an optimized voltage, which corresponds to the maximum light generation. The higher voltage will induce more tunneling current, including the inelastic tunneling current. However, the coupling strength H21 (∝ ∫ φ 2 * (j eℏA x 2m ∂ ∂x )φ 1 ) via plasmon mode will decrease with increased voltage due to the reduced spatial overlapping between two states φ 1 and φ 2 (marked in Fig. 1(a) ). The interplay between these two competing mechanisms leads to an optimized voltage for the maximum light emission (Fig. 4(a) ). Figure S15 . Simulation result of the nanobar junction with a gap of 1 nm and edge radius of 2 nm. (A) LDOS and RE for the nanobar junction with an aspect ratio of 4 (triangle), 5 (square) and 6 (star). The simulation is done by placing the dipole inside the gap and the angle between each nanobar is selected as 90° to form the junction. (B) Simulated emission spectrum based on the LDOS and RE. Considering the LDOS and RE for each aspect ratio, the EQE can be 6.5% for the AR=4, 8% for AR=5 and 10.5% for the AR=6.
Theoretical prediction for the high-efficiency tunnel junction
